The impact of disease related changes in the extracellular matrix (ECM) on the mechanical 36 properties of human resistance arteries largely remains to be established. Resistance arteries 37 from both pig and human parietal pericardium (PRA) display a different ECM 38 microarchitecture compared to frequently used rodent mesenteric arteries. We hypothesized 39 that the biaxial mechanics of PRA mirror pressure induced changes in the ECM 40 microarchitecture. This was tested using isolated pig PRA as model system, integrating 41 vital imaging, pressure myography and mathematical modeling. Collagenase and elastase 42 digestions were applied to evaluate the loadbearing roles of collagen and elastin, 43 respectively. The incremental elastic modulus linearly related to the straightness of 44 adventitial collagen fibers circumferentially and longitudinally (both R 2 ≥0.99), while there 45 was a nonlinear relationship to the internal elastic lamina elastin fiber branching angles. 46 Mathematical modeling suggested a collagen recruitment strain (mean±SEM) of 1.1±0.2 47 circumferentially and 0.20±0.01 longitudinally, corresponding to a pressure of ~40 mmHg, 48 a finding supported by the vital imaging. The integrated method was tested on human PRA 49 to confirm its validity. These showed limited circumferential distensibility and elongation 50 and a collagen recruitment strain of 0.8±0.1 circumferentially and 0.06±0.02 longitudinally, 51 reached at a distending pressure below 20 mmHg. This was confirmed by vital imaging 52 showing negligible microarchitectural changes of elastin and collagen upon pressurization.
Introduction
were collected at a local abattoir. The storage and handling of the pig tissue was identical to 139 that of the human tissue. Longitudinal recoiling of the arteries upon excision from the tissue 140 was measured under a dissection microscope (branch to branch distance before and after 141 excision).
142
Pressure myography 143 Arteries were dissected free of adipose tissue and mounted on glass capillaries (Ø 60-70 144 µm) in a pressure myograph system (110P, Danish Myo Technology, Aarhus, Denmark). 145 Arteries were equilibrated for 30 minutes at 37 °C and minimal distending pressure (5 146 mmHg) prior to the first experiment. Pressure-diameter and length-longitudinal force 147 measurements were registered under longitudinally isotonic conditions (zero axial force). 148 Transmural pressure was subsequently increased to 100 mmHg in steps of 5-20 mmHg, 149 with an inlet-outlet pressure gradient of 20 mmHg. Arteries were left to equilibrate for at 150 least 5 minutes following each increase in pressure to ensure a stable diameter and 151 longitudinal force. All experiments were conducted at 37 ⁰C. Arterial viability was tested 152 7 prior to fixation and data from contractile arteries only were included for analyses. All 153 arteries were fixed at 100 mmHg in 4% formalin at the end of the experiments and stored at 154 4 ⁰C until imaging for determination of elastin/collagen volume densities. 155 Mechanical properties of pPRA were evaluated in normal PSS as these arteries showed no 156 signs of myogenic activity (constriction upon sudden or gradually increased pressure from 157 20 to 100 mmHg). Human PRA were mounted in normal PSS and pressurized up to 20 158 mmHg as described for the pig PRA. At 20 mmHg, PSS was exchanged by isotonic high 159 potassium PSS (containing 20 mM NaCl and 95 mM KCl, instead of 115 mM NaCl) to test 160 for ability of the artery to constrict in response to depolarization. Next, the subsequent 161 pressure-diameter and length-longitudinal force measurements were conducted in Ca 2+ free 162 PSS supplemented with 3 µM EGTA and 3 µM sodium nitroprusside (SNP) to avoid 163 myogenic activity of these arteries. 164 Enzymatic treatment of pPRA at 20 and 70 mmHg was performed by exposing the arteries 165 ablumenally, for 20 minutes, to either 1 U/mL elastase or 0.5 mg/mL collagenase in PSS. 166 Use of higher concentrations of the enzymes resulted in either leakage or loss of 167 contractility. Following treatment at 20 mmHg, arteries were rinsed three times in calcium 168 free PSS containing 3 µM SNP and 3 µM EGTA, and pressure was increased to 100 mmHg 169 in steps of 20 mmHg as described above.
170
Calculations of structural and mechanical parameters 171 Structural parameters were calculated as described (12, 13, 50) : 172 Wall thickness (µm) 0.5 -0.5 WT out in = ∅ ∅ (1.1) 173 where Ø out and Ø in refer to outer and inner diameter of the artery, respectively.
174
Wall cross sectional area (µm 2 ) This method is used to estimate the elasticity of elastin and collagen in the arterial wall and 205 to estimate the strain (ε ho ) at which collagen is engaged ("hook on" (66)). Errors between 206 measured wall stress and model-predicted wall stress were quantified by the normalized 207 root mean square error (NRMSE), as given by:
With , equal to the average measured circumferential wall stress and , , and 210 , , are respectively the measured wall stress and the model-predicted wall stress 211 resulting from fitting the mathematical function as described (3) Collagen straightness was determined using the FIJI NeuronJ plugin (46) as described by 240 Rezakhaniha and Agianniotis (51) . than 20, normality was assumed as was an equal variance between samples to be compared. (20), range z 0.90-0.99) as previously described (21, 31) followed by 314 calculation of E inc =σβ at the different distending pressures. By this method, the mean E inc,θ , 315 and E inc,z at 100 mmHg were 283±32 kPa (range 99-580) and 313±99 kPa (median 162.9, 316 range 85-2139) , respectively (dotplots of individual β-values and E inc are found in Figure   317 4).
318
The microarchitecture of the extracellular matrix is reflected in the arterial wall mechanics 319 The microarchitecture of the ECM in pPRA was approached by the branching angles of the 320 elastin fibers in the internal elastic lamina (IEL) and by the straightness of adventitial 321 collagen fibers (51) . Representative images of a pPRA are shown in (Figure 3C) . 330 The IEL branching angles show a nonlinear relationship with the incremental elastic moduli 331 where both changed more dramatically between 20 and 40 mmHg, compared to the changes 332 between 40 and 100 mmHg (Figure 3D) . 333 Mathematical modeling of biomechanical data for estimation of collagen and elastin 334 stiffness and collagen recruitment strain 335 In order to assess the stiffness of the elastin and collagen components of the arterial wall, 336 we applied a mathematical model (3, 66) . This relatively simple model allows extraction of 337 three important measures, the stiffness of collagen and elastin respectively, and the collagen 338 recruitment strain, i.e. the strain of the arterial wall where collagen fibers start to limit 339 further expansion of the artery with increasing pressure. These three parameters are 340 important for future comparative studies e.g. between hypertensive and normotensive 341 patients, or in studies of hypertensive animal models. Important for the interpretation of the 342 model estimates, especially when comparing subgroups, is establishment of the 343 elastin/collagen volume density by 3D imaging of the entire thickness of the vascular wall.
344
In pPRA this was 40±7% (n=8), with 95%CI 31-64% (Figure 4D) . The findings from the 345 mathematical modeling are summarized in Figure 4 . ("hook on strain" (66)). For the pPRA, collagen is engaged circumferentially at a 362 significantly higher strain (1.1±0.2) than longitudinally (0.2±0.01, p<0.0001, mean 363 difference 0.87 (0.5-1.2), Figure 4F ). It should be noted that the normalized root mean 364 square error, the error between measured wall stress and model-predicted wall stress, shows 365 a higher variability circumferentially than longitudinally (Figure 4G) . 366 Elastin plays a prominent role in bearing longitudinal stress 367 Elastase and collagenase were applied ablumenally for 20 minutes on pressurized pPRA to 368 evaluate the load bearing roles of elastin and collagen, respectively. Both treatments, at 70 369 mmHg, result in significant lengthening of the pPRA (ΔL elastase =8±2%, p=0.0026 and 370 ΔL collagenase =13±3%, p=0.0005), while arterial diameters and wall thickness remain 371 unchanged (Figures 5C and 5D ). Similar observations are obtained after enzymatic 372 treatment at 20 mmHg, where both elastase and collagenase treatment increase the length of 373 the pPRA significantly (ΔL elastase =20±4%, p=0.0007 and ΔL collagenase =6±2% p=0.0021, 374 Figures 5A and 5B) . Elastase treatment at 20 mmHg increases the length of the treated 375 arteries to a larger extent than collagenase treatment (difference 14% (4-24%), p=0.0043) 376 while the enzyme-induced changes in length at 70 mmHg are not different between 377 treatments (p=0.10). Collagenase treatment at 20 mmHg furthermore induces a significant 378 permanent increase in the arterial lumen diameter (ΔØ in =14±4%, p=0.004). Consequently,
379
following collagenase treatment at 20 mmHg, the pressure-diameter curve shifts 380 significantly upwards over the entire pressure range 20-100 mmHg (Figure 6A) , while 381 elastase, and to a lesser extent collagenase treatment, induce an up-ward shift of the 382 16 pressure-length curve (Figure 6B) . As seen from the stress-strain curves for the enzyme 383 treated arteries (Figures 6C and 6D) , elastase treatment shifts the circumferential stress-384 strain curve leftward, while collagenase treatment shifts the circumferential stress-strain 385 curve rightward. Longitudinally, elastase shifts the stress-strain curve rightward, while 386 collagenase treatment, rather than changing the shape of the curve, extends it towards 387 higher strains and stresses. Curve fitting and mathematical modeling of the stress strain 388 relationships of arteries treated with the enzymes at 20 mmHg, were not performed due to 389 the discontinuity in the data (enzyme treatments were performed at 20 mmHg, i.e. data at 0-390 20 mmHg are for untreated arteries while data points at 20-100 mHg are for enzyme treated 391 arteries). Arteries exposed to elastase or collagenase remained responsive to a 392 vasoconstrictor, however, endothelium-dependent vasodilatation in response to 1 µM 393 bradykinin was impaired, in particular for the collagenase treated arteries (data not shown). was not diagnosed with hypertension). Upon pressurization to 100 mmHg, the mean 410 diameter of hPRA increases from 102±13 µm to 184±16 µm, wall thickness decreases from 411 50±4 µm to 30±2 µm (Figure 7) . The corresponding wall/lumen ratio at 100 mmHg is 412 17.8±2.4%. Interestingly, 6 of the 12 hPRA show no change in length upon pressurization 413 to 100 mmHg, and the remaining 6 show limited length changes only (9.6±2%), resulting in 414 an average longitudinal strain at 100 mmHg of only 0.05±0.02 (Figure 7D) 7C and 7D) . Exponential fitting of the stress strain relationships in order to determine the 418 geometry independent measure of wall stiffness, the β-value (Figure 8B , proportional to 419 E inc , Figure 8C) , was performed for all 12 hPRA circumferentially, but only data from 6 of 420 the 12 hPRA show a bi-phasic stress strain relationship longitudinally. respectively.
431
Mathematical modeling shows that collagen is recruited at low strain in hPRA 432 Similarly as done for the pPRA, we applied a mathematical model to estimate the stiffness 433 of collagen and elastin in the arterial wall and determine whether our prediction on the 434 basis of the above of a very low collagen recruitment strain could be confirmed ( Figure   435 8A). Imaging was also performed of the segments from the pressure myograph in order to 436 determine the elastin/collagen volume density in the arterial wall. The elastin/collagen ratio 437 was 40±20% 95%CI 25-56 ( Figure 8D) . Circumferentially, the hPRA showed, like the 438 pPRA, that E elastin, θ is significantly smaller than E collagen, θ (log mean difference 1.59 (1.28-439 as well as radial changes in structure with increasing pressure. In particular, it was a 506 surprise that the human PRA axially showed such a large variation in deformation, with 507 half of the investigated arteries not changing length at all upon pressurization (0 to 100 508 mmHg). Whether this is a consequence of ageing or the presence of cardiovascular disease 509 remains to be investigated.
510
The PRA reside in the parietal pericardium, a fibrous tissue rich in collagen with only few 511 elastin fibers (9). The role of the pericardium is to support the heart and prevent it from treatment is not as pronounced as reported for rat cremaster arteries (17) and the 529 considerable upward shift in the pressure-diameter curve of collagenase treated arteries is 530 much larger than reported for rat cremaster and mesenteric arteries (12, 17, 30) . Our 531 findings are in line with previous reports stating a dominant role of elastin primarily at 532 lower pressures, while the wall stress increasingly is borne by the more rigid collagen at 533 higher pressures and wall strains (21, 32, 38, 66, 67) , also referred to as the progressive 534 "hook on" or recruitment of collagen fibers (3, 66) . Whether the arteries in the pericardium 535 are subject to longitudinal stretching within the tissue remain to be elucidated. Clinically,
536
the parietal pericardium appears rigid (37), an observation supported by its collagenous 537 composition.
538
The hPRA in our study show very small circumferential distensibility and elongation. We 539 compared lumen diameters, wall thicknesses, wall cross sectional area and wall-to-lumen 540 ratios at 100mmHg to previously reported findings in human SCAs. These vessels are 541 frequently used for studies of human resistance artery remodeling (14, 18-20, 33, 39, 42, 542 44, 57). Importantly, our observations on geometry as well as the β-values, proportional to 543 the E inc , are within the range of previously published observations in hSCA studied under 544 similar conditions (33, 39, 57) . This supports that the hPRA is a valuable addition for 545 clinically relevant investigations of the reactivity and the mechanobiology of the human 546 microcirculation from aged, diseased patients.
547
The most important finding in our study is that acute pressure-induced structural changes of 548 the hPRA are small, strongly supported by imaging data and mathematical modeling 549 suggesting that the microarchitecture (straightness) and increased stiffness of collagen are (11, 35, 52, 54, 65) . Our use of arteries from patients undergoing cardiothoracic 564 surgeries allows investigations in vessels from individuals with a different gender, -disease 565 history (e.g. diabetes), -pharmacological treatments, and -age. However, deciphering the 566 influences of each of these variables requires a large number of patients and their arteries, 567 comparisons between randomized groups and multifactorial analyses.
568
Future extension of the integrated approach 569 In our study we focused on the passive mechanical properties of the arterial wall, 570 considering only the ECM as a key element. However, not only the quantity, but also the 571 quality, integrity and structural organization and interaction of the different constituents of 572 the ECM including the live cells, have an impact on the stiffness of the arterial wall (8, 12, 573 27, 28, 30, 68) . Recent evidence suggests that also the stiffness of the SMCs should be 574 taken into account (59, 60) . Furthermore, the relationship between the arterial mechanics 575 and the vasomotor tone should be addressed through studies of mechanotransduction, the 576 response of the arteries to increased shear and wall stresses. Before doing so, an active 577 SMC component will have to be added to the mathematical model and its contribution to 578 the biaxial mechanics will have to be verified (63). Finally, not only the orientation and 579 distribution of SMC, but also of endothelial cells may be a qualified addition (45). 
